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Proton decay can occur by higher-dim operator.

This operator likely exists with Planck suppressed couplings at least.

This operator could exist with smaller scale suppression in GUT theories, etc.. 

12 Intensity Frontier

of the SU(5) GUT, the first GUT model, predicted proton decay within reach of the first-generation proton
decay experiments. This model has already been excluded by their experimental limits on p ! e

+
⇡
0, as well

as the mismatch of the three gauge coupling unification when extrapolated to scales of 1014 to 1015 GeV.
GUTs based on larger symmetries such as SO(10) are consistent with both gauge coupling unification and
experimental constraints, particularly if they include supersymmetry, as discussed below. Other possible
theories include flipped SU(5), which favors the second generation and predicts the decay p ! µ

+
⇡
0, and

higher- dimensional GUTs, including those where quarks and leptons live on separate branes. Even negative
experimental results in the search for proton decay provide valuable information to the pursuit of realistic
grand unified theories.
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Figure 2-3. Diagrams inducing proton decay in SUSY GUTs. p ! e+⇡0 mediated by X gauge boson
(left), and p ! ⌫K+ generated by a d = 5 operator. (right).

Supersymmetric grand unified theories (SUSY GUTs) are natural extensions of the SM that preserve the
attractive features of GUTs, and predict a more precise unification of the three gauge couplings. The
unification occurs at the higher energy of 2 ⇥ 1016 GeV, suppressing the dimension-6 gauge mediation
responsible for p ! e

+
⇡
0 to a lifetime of at least a few ⇥1034 years, compatible with current experimental

limits. Lifetimes of this magnitude are now being probed by Super-Kamiokande. However, the predictions
are uncertain by an order of magnitude or so, due to the unknown masses of supersymmetric particles and
GUT scale particles.

Supersymmetric GUTs (SUSY GUTs) bring a new twist to proton decay, by predicting the decay mode
p ! ⌫K

+ which is mediated by a colored Higgsino generating a dimension-5 operator, as shown in the right
panel of Fig. 2-3. Here, the d = 5 operator involves the electroweak wino and supersymmetric partners of
the quarks and leptons. The predicted lifetime for this mode in minimal supersymmetric SU(5) theories
is typically less than 1032 years, much shorter than the current experimental lower limit of 6 ⇥ 1033 years,
provided that the supersymmetric particle masses are less than about 3 TeV. This limit is di�cult to avoid
in minimal SUSY SU(5) theories unless the supersymmetric particle masses are much above 3 TeV. However,
there are non-minimal supersymmetric SU(5) models, as well as SUSY GUTs based on the larger symmetry
SO(10), that accommodate the current experimental bounds and predict proton decay within reach of current
and next generation experiments. SUSY GUTs generally prefer decays into strange mesons, and although
p ! ⌫K

+ is predominant, modes such as p ! µ
+
K

0 are sometimes favored.

One class of minimal SO(10) models which employs a single representation that contains the Higgs boson
has been developed. Owing to their minimality, these models are quite predictive with regard to the neutrino
mass spectrum and oscillation angles. Small quark mixing angles and large neutrino oscillation angles emerge
simultaneously in these models at the weak scale, despite their parity at the fundamental level. The neutrino
oscillation angle ✓13 is predicted to be large in these models. In fact, this mixing angle was predicted to have
the value sin2 2✓13 ' 0.09, well before it was measured to have this central value. Proton decay studies of

Community Planning Study: Snowmass 2013

12 Intensity Frontier

of the SU(5) GUT, the first GUT model, predicted proton decay within reach of the first-generation proton
decay experiments. This model has already been excluded by their experimental limits on p ! e

+
⇡
0, as well

as the mismatch of the three gauge coupling unification when extrapolated to scales of 1014 to 1015 GeV.
GUTs based on larger symmetries such as SO(10) are consistent with both gauge coupling unification and
experimental constraints, particularly if they include supersymmetry, as discussed below. Other possible
theories include flipped SU(5), which favors the second generation and predicts the decay p ! µ

+
⇡
0, and

higher- dimensional GUTs, including those where quarks and leptons live on separate branes. Even negative
experimental results in the search for proton decay provide valuable information to the pursuit of realistic
grand unified theories.

p 

e+ 

0 

 

u

u

 

d

s 

u

 

 

 

˜  

˜ t 

Figure 2-3. Diagrams inducing proton decay in SUSY GUTs. p ! e+⇡0 mediated by X gauge boson
(left), and p ! ⌫K+ generated by a d = 5 operator. (right).

Supersymmetric grand unified theories (SUSY GUTs) are natural extensions of the SM that preserve the
attractive features of GUTs, and predict a more precise unification of the three gauge couplings. The
unification occurs at the higher energy of 2 ⇥ 1016 GeV, suppressing the dimension-6 gauge mediation
responsible for p ! e

+
⇡
0 to a lifetime of at least a few ⇥1034 years, compatible with current experimental

limits. Lifetimes of this magnitude are now being probed by Super-Kamiokande. However, the predictions
are uncertain by an order of magnitude or so, due to the unknown masses of supersymmetric particles and
GUT scale particles.

Supersymmetric GUTs (SUSY GUTs) bring a new twist to proton decay, by predicting the decay mode
p ! ⌫K

+ which is mediated by a colored Higgsino generating a dimension-5 operator, as shown in the right
panel of Fig. 2-3. Here, the d = 5 operator involves the electroweak wino and supersymmetric partners of
the quarks and leptons. The predicted lifetime for this mode in minimal supersymmetric SU(5) theories
is typically less than 1032 years, much shorter than the current experimental lower limit of 6 ⇥ 1033 years,
provided that the supersymmetric particle masses are less than about 3 TeV. This limit is di�cult to avoid
in minimal SUSY SU(5) theories unless the supersymmetric particle masses are much above 3 TeV. However,
there are non-minimal supersymmetric SU(5) models, as well as SUSY GUTs based on the larger symmetry
SO(10), that accommodate the current experimental bounds and predict proton decay within reach of current
and next generation experiments. SUSY GUTs generally prefer decays into strange mesons, and although
p ! ⌫K

+ is predominant, modes such as p ! µ
+
K

0 are sometimes favored.

One class of minimal SO(10) models which employs a single representation that contains the Higgs boson
has been developed. Owing to their minimality, these models are quite predictive with regard to the neutrino
mass spectrum and oscillation angles. Small quark mixing angles and large neutrino oscillation angles emerge
simultaneously in these models at the weak scale, despite their parity at the fundamental level. The neutrino
oscillation angle ✓13 is predicted to be large in these models. In fact, this mixing angle was predicted to have
the value sin2 2✓13 ' 0.09, well before it was measured to have this central value. Proton decay studies of

Community Planning Study: Snowmass 2013

12 Intensity Frontier

of the SU(5) GUT, the first GUT model, predicted proton decay within reach of the first-generation proton
decay experiments. This model has already been excluded by their experimental limits on p ! e

+
⇡
0, as well

as the mismatch of the three gauge coupling unification when extrapolated to scales of 1014 to 1015 GeV.
GUTs based on larger symmetries such as SO(10) are consistent with both gauge coupling unification and
experimental constraints, particularly if they include supersymmetry, as discussed below. Other possible
theories include flipped SU(5), which favors the second generation and predicts the decay p ! µ

+
⇡
0, and

higher- dimensional GUTs, including those where quarks and leptons live on separate branes. Even negative
experimental results in the search for proton decay provide valuable information to the pursuit of realistic
grand unified theories.

p 

e+ 

0 

 

u

u

 

d

s 

u

 

 

 

˜  

˜ t 

Figure 2-3. Diagrams inducing proton decay in SUSY GUTs. p ! e+⇡0 mediated by X gauge boson
(left), and p ! ⌫K+ generated by a d = 5 operator. (right).

Supersymmetric grand unified theories (SUSY GUTs) are natural extensions of the SM that preserve the
attractive features of GUTs, and predict a more precise unification of the three gauge couplings. The
unification occurs at the higher energy of 2 ⇥ 1016 GeV, suppressing the dimension-6 gauge mediation
responsible for p ! e

+
⇡
0 to a lifetime of at least a few ⇥1034 years, compatible with current experimental

limits. Lifetimes of this magnitude are now being probed by Super-Kamiokande. However, the predictions
are uncertain by an order of magnitude or so, due to the unknown masses of supersymmetric particles and
GUT scale particles.

Supersymmetric GUTs (SUSY GUTs) bring a new twist to proton decay, by predicting the decay mode
p ! ⌫K

+ which is mediated by a colored Higgsino generating a dimension-5 operator, as shown in the right
panel of Fig. 2-3. Here, the d = 5 operator involves the electroweak wino and supersymmetric partners of
the quarks and leptons. The predicted lifetime for this mode in minimal supersymmetric SU(5) theories
is typically less than 1032 years, much shorter than the current experimental lower limit of 6 ⇥ 1033 years,
provided that the supersymmetric particle masses are less than about 3 TeV. This limit is di�cult to avoid
in minimal SUSY SU(5) theories unless the supersymmetric particle masses are much above 3 TeV. However,
there are non-minimal supersymmetric SU(5) models, as well as SUSY GUTs based on the larger symmetry
SO(10), that accommodate the current experimental bounds and predict proton decay within reach of current
and next generation experiments. SUSY GUTs generally prefer decays into strange mesons, and although
p ! ⌫K

+ is predominant, modes such as p ! µ
+
K

0 are sometimes favored.

One class of minimal SO(10) models which employs a single representation that contains the Higgs boson
has been developed. Owing to their minimality, these models are quite predictive with regard to the neutrino
mass spectrum and oscillation angles. Small quark mixing angles and large neutrino oscillation angles emerge
simultaneously in these models at the weak scale, despite their parity at the fundamental level. The neutrino
oscillation angle ✓13 is predicted to be large in these models. In fact, this mixing angle was predicted to have
the value sin2 2✓13 ' 0.09, well before it was measured to have this central value. Proton decay studies of

Community Planning Study: Snowmass 2013

1

⇤5
nn̄

(ūcd ūcd d̄dd) + · · · (1)

1

⇤2
p
(d̄cūc q `) + · · · (2)

1

(SUSY and Non-SUSY GUTs) (SUSY GUTs) 3

DB=DL=1

B and L are accidental symmetries of SM – subject to violation



M.G. Strauss
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Let’s look to more direct connections to B violation.

B, L violation connected to baryon asymmetry puzzle

B-L violation required to avoid sphaleron washout above EW scale – proton decay conserves B-L



DB=2 baryon number violating interaction in EFT
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FIG. 1. Diagram for generating n− n̄ mixing terms
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FIG. 2. Inducing pp → π+π+ annihilation via operators (37)

we deal with 14 operators for ∆B = −2 transitions and
14 Hermitian conjugated ones for ∆B = +2.
The Pz reflection interchanges L and R chirality χi

in the operators Oi
χ1χ2χ3

. Note, that the Pz reflection
for u and d quarks is defined similar to the neutron by
Eq. (13). This is consistent with the udd wave function
of neutron. Thus, we can divide operators into Pz even
and Pz odd ones,

Oi
χ1χ2χ3

± L↔ R . (42)

The charge conjugation C transforms operators
Oi

χ1χ2χ3
into the Hermitian conjugated [Oi

χ1χ2χ3
]†.

Again, our phase definitions for quarks are consistent
with those for neutron. So, combinations

Oi
χ1χ2χ3

±H.c. (43)

representC even andC odd operators. In total, we break
all 28 operators into four groups with different Pz, C and
CPz features, each group contains seven operators,
[
Oi

χ1χ2χ3
+L↔ R

]
+H.c., Pz= + , C = + , CPz = + ;

[
Oi

χ1χ2χ3
+L↔ R

]
−H.c., Pz= + , C = − , CPz = − ;

[
Oi

χ1χ2χ3
−L↔ R

]
+H.c., Pz= −, C = + , CPz = − ;

[
Oi

χ1χ2χ3
−L↔ R

]
−H.c., Pz= −, C = − , CPz = + .

(44)

Only the first seven operators, which are both Pz and C

even, contribute to nn̄ oscillations. It is, of course, up to
small corrections due to electroweak interactions where
the discrete symmetries are broken.
What about the remaining 21 combinations which are

odd either under Pz or C transformations? Although
they do not contribute to the n− n̄ transition, their effect
show up in instability of nuclei. This source of instability
in this case is not due to neutron-antineutron oscillations
but due to processes of annihilation of two nucleons inside
nucleus like N + N → π + π, and, in particular, two
proton annihilation, p p → π+π+, shown on Fig. 2. This
could be particularly interesting in case of suppressed nn̄
oscillations.
The operators of the type of (37) involving strange

quark, like udsuds, could induce Λ− Λ̄ mixing. However,
such operators would also lead to nuclear instability via
nucleon annihilation into kaons N + N → K + K, see
the diagram in Fig. 2 where in upper lines d quark is
substituted by s quark (and π+ by K+). In fact, nuclear
instability bounds on Λ − Λ̄ mixing are only mildly,
within an order of magnitude, weaker than with respect
to n− n̄ mixing which makes hopeless the possibility to
detect Λ− Λ̄ oscillation in the hyperon beam. (Instead,
it can be of interest to search for the nuclear decays
into kaons in the large volume detectors.) The nuclear
instability limits on Λ− Λ̄ mixing are about 15 orders of
magnitude stronger than the sensitivity δΛΛ̄ ∼ 10−6 eV
which can be achieved in the laboratory conditions
[17]. The nuclear stability limits make hopeless also the
laboratory search of bus-like baryon oscillation due to
operator usbusb suggested in Ref. [18].

7. Our above consideration refers to the neutron-anti-
neutron oscillation in vacuum. Now we show that even in
the presence of magnetic field no new |∆B| = 2 operator
appears. A similar consideration was done in Ref. [19] in
application to a possible magnetic moment of neutrino.
In the Weyl formalism the field strengths tensor Fµν

is substituted by the symmetric tensor Fαβ and its com-

plex conjugate Fα̇β̇ . They correspond to E⃗ ± iB⃗ com-
binations of electric and magnetic fields. Then Lorentz

Berezhiani, Vainshtein, 2018

@µ⇤ Aµ   ̄ Ga W+ W� Z0 h0

n ! pe�⌫̄e

g2

⇤2

1

⇤5
n

p ! ⇡0e+

1

Non-renormalizable interaction
à mass5 in denominator.

5

Dimension 9 operator

@µ⇤ Aµ   ̄ Ga W+ W� Z0 h0

n ! pe�⌫̄e

g2

⇤2

1

⇤5
n

p ! ⇡0e+

Other |�B| = 2, �L = 0 processes include dinucleon decays:

nn ! ⇡0⇡0, pp ! ⇡+⇡+, pn ! ⇡+⇡0 probe the same oper-

ators as n-n̄ oscillation, while pp ! K+K+
can be relevant

for B-violating new physics with suppressed couplings to first-

generation quarks.

1



Past and future experimental sensitivities to oscillation lifetime

• Current free neutron bound t ~ 108 s from ILL, and somewhat better at Super-K

• Future prospects at ESS (free neutrons), DUNE and Hyper-K up to t ~ 109-10 s

• Such oscillation times probe new physics scales up to Lnew~ (tLQCD
6)1/5 ~ 105-6 GeV. 

• Probes beyond LHC scales (albeit in only just this way)
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We compute the probability that | i(t) is measured to be a n̄ by the standard probability
computation in quantum mechanics,

P [n̄(t)] = |hn̄| i(t)|2 = e��t sin2(2✓) sin2

✓
�E t

2

◆
, where, (7)

� = Im(E1 + E2), and �E = E1 � E2. (8)

The first term, e��t, is associated with the lifetime of the neutron. For t > 1/� the neutron
has a high probability of already having decayed, and thus it cannot be an antineutron or
neutron leading to P [n(t)] and P [n̄(t)] ! 0. The second term, sin2(2✓), is associated with its
ability to transition from n to n̄. If the theory has perfectly conserved baryon number then
there is no mixing between n and n̄, and ✓ = 0 and the transition probability is zero for all
time. We will come to a description of this angle ✓ later. The final term, sin2(�Et/2), shows
the time dependence of the oscillation.

Let us now discuss in somewhat more detail the origins of the angle ✓ and the decay width
�. In the discussion above we introduced the angle ✓ as the mixing angle of n and n̄ that
rotates them to energy eigenstates. This comes about due to |ni and |n̄i not being eigenstates
of He↵ . We can characterize this as

He↵ |ni =

✓
mn � i

�

2
+ En

◆
|ni+ �|n̄i (9)

He↵ |n̄i =

✓
mn � i

�

2
+ En̄

◆
|n̄i+ �|ni (10)

where mn is mass of the neutron, � is the decay width (i.e., neutron lifetime is ⌧n = 1/�),
� is contribution from He↵ that enables n $ n̄ transitions, and En and En̄ are any other
additional contributions to the energy of the n and n̄ states respectively. If the neutrons were
propagating completely freely in space with no other matter around and no magnetic field,
etc., En,n̄ = 0. But since that is never the case in experimental configurations, we must keep
this term.

The imaginary part �i�/2 of the operator equations above will look mysterious to readers
who are not familiar with decaying states in quantum mechanics. A complete justification
of that will not be pursued here. We merely note that the final answer for the probability
of a neutron state remaining a neutron must incorporate an exponential decay over time
according to the well-known poisson-distributed radioactivity law of e��t, where 1/� is the
average lifetime of the neutron (i.e., 1/� ' 880 s). As we will see shortly, these imaginary
contributions inserted in the equations above provide exactly this factor, which should be
viewed here as post facto justification for their inclusion.

The matrix hHe↵i in the {n, n̄} basis is

hHe↵i =

✓
mn � i�2 + En �

� mn � i�2 + En̄

◆
. (11)

3

Quantum mechanics of neutron-antineutron oscillations

require precision tests to see their e↵ects. One such precision test is the search for protons
(B = +1) decaying into final states that have no baryon number, such as ⇡0e+⌫ (B = 0). This
is a so-called �B = 1 transition. So far there is no experimental evidence for this, although
experiments continue their searches. Another precision test, which is the subject of this note,
is n ! n̄. Since the initial state has B = +1 and final state has B = �1, neutron-antineutron
oscillations like this are called �B = 2 transitions. The rates of �B = 1 and �B = 2
transitions are not necessarily correlated, which means it is important to search for evidences
of both independently.

2 Neutron-antineutron oscillations

The transition from n ! n̄ is more accurately called oscillations, since once an n turns into
an n̄ it is able to transition back to n again. The oscillations are governed by solutions to the
time-dependent Schrödinger equation subject to an e↵ective Hamiltonion3

He↵ :

He↵ | i = i
@

@t
| i. (1)

If the neutron and antineutron mix then energy eigenstates (or, “mass eigenstates”) of
He↵ are mixtures of n and n̄ which we denote as n1 and n2:

✓
|n1i

|n2i

◆
=

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
|ni
|n̄i

◆
(2)

We will come shortly to how the angle ✓ is determined for this mixing, but let us first describe
the full solution of the Schrödinger equation in terms of the energy eigenstates |nii (where
i = 1, 2). First, by definition of |nii the time-independent Schrödinger equation acting on the
eigenstates |nii (where i = 1, 2) is

He↵ |nii = Ei|nii. (3)

Thus, the general solution to the time-dependent Schrödinger equation is

| i(t) = c1|n1ie
�iE1t + c2|n2ie

�iE2t. (4)

In order to determine c1 and c2 we need a boundary condition on | i. Here we consider
the neutrons that arise by way of weak-force decays of radioactive nuclei. Thus, they are born
as pure neutrons. Therefore, at t = 0 we want | i(0) = |ni. Since, from eq. 2

|ni = cos ✓|n1i � sin ✓|n2i (5)

this sets c1 = cos ✓ and c2 = � sin ✓ in Eq. 4. Then, expanding |n1i and |n2i in terms of n
and n̄ one finds

| i(t) =
�
cos2 ✓e�iE1t + sin2 ✓e�iE2t

�
|ni+ cos ✓ sin ✓

�
e�iE1t � e�iE2t

�
|n̄i. (6)

3
We call it “e↵ective Hamiltonian” to signify we are restricting consideration only to terms that act on

neutrons and antineutron wave functions.

2

Evolution governed by Schrödinger equation:

Where Hamiltonian given by 

JW, “Neutron-antineutron oscillations”, 2018
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require precision tests to see their e↵ects. One such precision test is the search for protons
(B = +1) decaying into final states that have no baryon number, such as ⇡0e+⌫ (B = 0). This
is a so-called �B = 1 transition. So far there is no experimental evidence for this, although
experiments continue their searches. Another precision test, which is the subject of this note,
is n ! n̄. Since the initial state has B = +1 and final state has B = �1, neutron-antineutron
oscillations like this are called �B = 2 transitions. The rates of �B = 1 and �B = 2
transitions are not necessarily correlated, which means it is important to search for evidences
of both independently.

2 Neutron-antineutron oscillations

The transition from n ! n̄ is more accurately called oscillations, since once an n turns into
an n̄ it is able to transition back to n again. The oscillations are governed by solutions to the
time-dependent Schrödinger equation subject to an e↵ective Hamiltonion3

He↵ :

He↵ | i = i
@

@t
| i. (1)

If the neutron and antineutron mix then energy eigenstates (or, “mass eigenstates”) of
He↵ are mixtures of n and n̄ which we denote as n1 and n2:

✓
|n1i

|n2i

◆
=

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
|ni
|n̄i

◆
(2)

We will come shortly to how the angle ✓ is determined for this mixing, but let us first describe
the full solution of the Schrödinger equation in terms of the energy eigenstates |nii (where
i = 1, 2). First, by definition of |nii the time-independent Schrödinger equation acting on the
eigenstates |nii (where i = 1, 2) is

He↵ |nii = Ei|nii. (3)

Thus, the general solution to the time-dependent Schrödinger equation is

| i(t) = c1|n1ie
�iE1t + c2|n2ie

�iE2t. (4)

In order to determine c1 and c2 we need a boundary condition on | i. Here we consider
the neutrons that arise by way of weak-force decays of radioactive nuclei. Thus, they are born
as pure neutrons. Therefore, at t = 0 we want | i(0) = |ni. Since, from eq. 2

|ni = cos ✓|n1i � sin ✓|n2i (5)

this sets c1 = cos ✓ and c2 = � sin ✓ in Eq. 4. Then, expanding |n1i and |n2i in terms of n
and n̄ one finds

| i(t) =
�
cos2 ✓e�iE1t + sin2 ✓e�iE2t

�
|ni+ cos ✓ sin ✓

�
e�iE1t � e�iE2t

�
|n̄i. (6)

3
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We compute the probability that | i(t) is measured to be a n̄ by the standard probability
computation in quantum mechanics,

P [n̄(t)] = |hn̄| i(t)|2 = e��t sin2(2✓) sin2

✓
�E t

2

◆
, where, (7)

� = Im(E1 + E2), and �E = E1 � E2. (8)

The first term, e��t, is associated with the lifetime of the neutron. For t > 1/� the neutron
has a high probability of already having decayed, and thus it cannot be an antineutron or
neutron leading to P [n(t)] and P [n̄(t)] ! 0. The second term, sin2(2✓), is associated with its
ability to transition from n to n̄. If the theory has perfectly conserved baryon number then
there is no mixing between n and n̄, and ✓ = 0 and the transition probability is zero for all
time. We will come to a description of this angle ✓ later. The final term, sin2(�Et/2), shows
the time dependence of the oscillation.

Let us now discuss in somewhat more detail the origins of the angle ✓ and the decay width
�. In the discussion above we introduced the angle ✓ as the mixing angle of n and n̄ that
rotates them to energy eigenstates. This comes about due to |ni and |n̄i not being eigenstates
of He↵ . We can characterize this as

He↵ |ni =

✓
mn � i

�

2
+ En

◆
|ni+ �|n̄i (9)

He↵ |n̄i =

✓
mn � i

�

2
+ En̄

◆
|n̄i+ �|ni (10)

where mn is mass of the neutron, � is the decay width (i.e., neutron lifetime is ⌧n = 1/�),
� is contribution from He↵ that enables n $ n̄ transitions, and En and En̄ are any other
additional contributions to the energy of the n and n̄ states respectively. If the neutrons were
propagating completely freely in space with no other matter around and no magnetic field,
etc., En,n̄ = 0. But since that is never the case in experimental configurations, we must keep
this term.

The imaginary part �i�/2 of the operator equations above will look mysterious to readers
who are not familiar with decaying states in quantum mechanics. A complete justification
of that will not be pursued here. We merely note that the final answer for the probability
of a neutron state remaining a neutron must incorporate an exponential decay over time
according to the well-known poisson-distributed radioactivity law of e��t, where 1/� is the
average lifetime of the neutron (i.e., 1/� ' 880 s). As we will see shortly, these imaginary
contributions inserted in the equations above provide exactly this factor, which should be
viewed here as post facto justification for their inclusion.

The matrix hHe↵i in the {n, n̄} basis is

hHe↵i =

✓
mn � i�2 + En �

� mn � i�2 + En̄

◆
. (11)
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”Photographs” of propagating neutron in time: Transitions to anti-neutron!
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Approximations valid for reactor environment

The eigenvalues are

E1,2 = mn � i
�

2
+

En + En̄

2
±

1

2

p
(En � En̄)2 + 4�2 (12)

For mn � |En � En̄| � �, which will be justified later in the nuclear reactor experimental
context, one can make the approximations

E1 ' mn + En � i
�

2
, E2 ' mn + En̄ � i

�

2
, (13)

�E = E1 � E2 = En � En̄, and sin 2✓ =
2�

En � En̄
. (14)

Under these assumptions we can now rewrite the transition probability as

P [n̄(t)] = e��t

✓
2�

En � En̄

◆2

sin2

✓
(En � En̄)t

2

◆
. (15)

As we have emphasized, En,n̄ are calculable from the experimental environment (see below),
leaving � as the only unknown matrix element parameter. The value of � can be computed
from a more fundamental theory of �B = 2 baryon number violation. Such calculations
are beyond the scope of this discussion. We only state that its value needs to very small,
� < 10�29 MeV in order not to be in conflict with experiment4. How we measure such a small
non-zero �, if it indeed exists, is the subject of the next section.

3 Measuring neutron oscillations at reactors

One method to measure �, and therefore obtain evidence for neutrons transition to antineu-
trons, is to produce many neutrons in a nuclear reactor, guide them to a target some distance
away where any neutrons that transitioned to antineutrons would annihilate in a spectacu-
lar signal announcing their existence5. This is what the ILL reactor experiment in Grenoble
did [3].

We will write the equations in somewhat general form, but will give numbers applicable
to the ILL experiment [3] in order to gain understanding of typical sizes of various important

4
The value of � < 10

�29
MeV may appear to be the result of very low-energy phenomena, since � ⌧ mn.

However, � more accurately should be thought of as a ratio of the nucleon scale (e.g., mn ⇠ 10
3
MeV) to

a very high suppression scale where baryon number violation is induced (e.g., ⇤B ' 10
10

MeV). Raised to

appropriate powers one obtains very low values for �, such as � = m6
n/⇤

5
B ' 10

�32
MeV.

5
Another method is to look for transitions of bound-state neutrons in nuclei transitioning to n̄, which

subsequently annihilates with another neutron in the nucleus. Bounds from this are comparable, and presently

even better than the ILL experimental bound [7]. However, it is expected that future experiments involving

free neutrons at ESS could do even better [5, 6].
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As we have emphasized, En,n̄ are calculable from the experimental environment (see below),
leaving � as the only unknown matrix element parameter. The value of � can be computed
from a more fundamental theory of �B = 2 baryon number violation. Such calculations
are beyond the scope of this discussion. We only state that its value needs to very small,
� < 10�29 MeV in order not to be in conflict with experiment4. How we measure such a small
non-zero �, if it indeed exists, is the subject of the next section.

3 Measuring neutron oscillations at reactors

One method to measure �, and therefore obtain evidence for neutrons transition to antineu-
trons, is to produce many neutrons in a nuclear reactor, guide them to a target some distance
away where any neutrons that transitioned to antineutrons would annihilate in a spectacu-
lar signal announcing their existence5. This is what the ILL reactor experiment in Grenoble
did [3].

We will write the equations in somewhat general form, but will give numbers applicable
to the ILL experiment [3] in order to gain understanding of typical sizes of various important
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quantities. The key things we need to know to estimate sensitivity to � are

F = Flux of neutrons ' 1.25⇥ 1011 neutrons/s (16)

vavg = average neutron velocity ' 600m/s (17)

L = distance to annihilation target ' 60m (18)

B = ambient magnetic field ' 10�8 T (19)

From the average velocity data, the average time for the neutron to make it to the annihilation
target is tavg = L/vavg ' 0.1 s. This is where the state | i(t) is measured and its wave function
collapses to n or n̄, at time = tavg when it interacts with the annihilation target.

We are now also in position to compute En,n̄ due to the ambient magnetic field. The
magnetic moment of the neutron and antineutron is

µn = �µn̄ = �6.02⇥ 10�14 MeVT�1 (20)

which gives shifts in the energy for the neutron and antineutron of
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This gives the result that
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where the expression in parentheses is the conversion to units of inverse seconds [2]. Since
0.66 s is much larger than tavg = 0.1 s, we are justified considering the argument of sin2

function in eq. 15 to be small, and thus can approximate the antineutron probability at the
annihilation target to be
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where we have made the traditional identification of ⌧nn̄ ⌘ 1/�. Note, we have also ignored the
e��tavg factor in eq. 15 since tavg is much smaller than the neutron lifetime (i.e., tavg ⌧ 1/�)
which translates to e��tavg ' 1. If ⌧nn̄ were about 108 s, the above equation tells us that we
need approximately 1018 neutrons produced for one of them to turn into an antineutron when
it reaches the annihilation target.

Also, notice that the transition probability dependence on En � En̄ completely dropped
out when expanding eq. 15 to eq. 23. However, this was only because En � En̄ was very large
compared to � (i.e., 1

2(En � En̄) � �) and very small compared to the inverse of the time it
takes neutrons to reach their annihilation target (i.e., 1

2(En � En̄) ⌧ 1/tavg). If either of those
two conditions had not held, one would have to retain its non-trivial dependence.
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FIG. 2. Inducing pp → π+π+ annihilation via operators (37)

we deal with 14 operators for ∆B = −2 transitions and
14 Hermitian conjugated ones for ∆B = +2.
The Pz reflection interchanges L and R chirality χi

in the operators Oi
χ1χ2χ3

. Note, that the Pz reflection
for u and d quarks is defined similar to the neutron by
Eq. (13). This is consistent with the udd wave function
of neutron. Thus, we can divide operators into Pz even
and Pz odd ones,

Oi
χ1χ2χ3

± L↔ R . (42)

The charge conjugation C transforms operators
Oi

χ1χ2χ3
into the Hermitian conjugated [Oi

χ1χ2χ3
]†.

Again, our phase definitions for quarks are consistent
with those for neutron. So, combinations

Oi
χ1χ2χ3

±H.c. (43)

representC even andC odd operators. In total, we break
all 28 operators into four groups with different Pz, C and
CPz features, each group contains seven operators,
[
Oi

χ1χ2χ3
+L↔ R

]
+H.c., Pz= + , C = + , CPz = + ;

[
Oi

χ1χ2χ3
+L↔ R

]
−H.c., Pz= + , C = − , CPz = − ;

[
Oi

χ1χ2χ3
−L↔ R

]
+H.c., Pz= −, C = + , CPz = − ;

[
Oi

χ1χ2χ3
−L↔ R

]
−H.c., Pz= −, C = − , CPz = + .

(44)

Only the first seven operators, which are both Pz and C

even, contribute to nn̄ oscillations. It is, of course, up to
small corrections due to electroweak interactions where
the discrete symmetries are broken.
What about the remaining 21 combinations which are

odd either under Pz or C transformations? Although
they do not contribute to the n− n̄ transition, their effect
show up in instability of nuclei. This source of instability
in this case is not due to neutron-antineutron oscillations
but due to processes of annihilation of two nucleons inside
nucleus like N + N → π + π, and, in particular, two
proton annihilation, p p → π+π+, shown on Fig. 2. This
could be particularly interesting in case of suppressed nn̄
oscillations.
The operators of the type of (37) involving strange

quark, like udsuds, could induce Λ− Λ̄ mixing. However,
such operators would also lead to nuclear instability via
nucleon annihilation into kaons N + N → K + K, see
the diagram in Fig. 2 where in upper lines d quark is
substituted by s quark (and π+ by K+). In fact, nuclear
instability bounds on Λ − Λ̄ mixing are only mildly,
within an order of magnitude, weaker than with respect
to n− n̄ mixing which makes hopeless the possibility to
detect Λ− Λ̄ oscillation in the hyperon beam. (Instead,
it can be of interest to search for the nuclear decays
into kaons in the large volume detectors.) The nuclear
instability limits on Λ− Λ̄ mixing are about 15 orders of
magnitude stronger than the sensitivity δΛΛ̄ ∼ 10−6 eV
which can be achieved in the laboratory conditions
[17]. The nuclear stability limits make hopeless also the
laboratory search of bus-like baryon oscillation due to
operator usbusb suggested in Ref. [18].

7. Our above consideration refers to the neutron-anti-
neutron oscillation in vacuum. Now we show that even in
the presence of magnetic field no new |∆B| = 2 operator
appears. A similar consideration was done in Ref. [19] in
application to a possible magnetic moment of neutrino.
In the Weyl formalism the field strengths tensor Fµν

is substituted by the symmetric tensor Fαβ and its com-

plex conjugate Fα̇β̇ . They correspond to E⃗ ± iB⃗ com-
binations of electric and magnetic fields. Then Lorentz

@µ⇤ Aµ   ̄ Ga W+ W� Z0 h0

n ! pe�⌫̄e

g2

⇤2

1

⇤5
n

p ! ⇡0e+
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quantities. The key things we need to know to estimate sensitivity to � are

F = Flux of neutrons ' 1.25⇥ 1011 neutrons/s (16)

vavg = average neutron velocity ' 600m/s (17)

L = distance to annihilation target ' 60m (18)

B = ambient magnetic field ' 10�8 T (19)

From the average velocity data, the average time for the neutron to make it to the annihilation
target is tavg = L/vavg ' 0.1 s. This is where the state | i(t) is measured and its wave function
collapses to n or n̄, at time = tavg when it interacts with the annihilation target.

We are now also in position to compute En,n̄ due to the ambient magnetic field. The
magnetic moment of the neutron and antineutron is

µn = �µn̄ = �6.02⇥ 10�14 MeVT�1 (20)

which gives shifts in the energy for the neutron and antineutron of

En = �En̄ = �µn · B ' 6⇥ 10�22 MeV (21)

where the collimated neutrons and antineutrons moments are aligned with the magnetic field.
This gives the result that

En � En̄

2
= 6⇥ 10�22 MeV

✓
=

1

0.66 s

◆
. (22)

where the expression in parentheses is the conversion to units of inverse seconds [2]. Since
0.66 s is much larger than tavg = 0.1 s, we are justified considering the argument of sin2

function in eq. 15 to be small, and thus can approximate the antineutron probability at the
annihilation target to be

P [n̄(tavg)] ' �2t2avg = 10�18

✓
108 s

⌧nn̄

◆2 ✓ tavg
0.1 s

◆2

, (23)

where we have made the traditional identification of ⌧nn̄ ⌘ 1/�. Note, we have also ignored the
e��tavg factor in eq. 15 since tavg is much smaller than the neutron lifetime (i.e., tavg ⌧ 1/�)
which translates to e��tavg ' 1. If ⌧nn̄ were about 108 s, the above equation tells us that we
need approximately 1018 neutrons produced for one of them to turn into an antineutron when
it reaches the annihilation target.

Also, notice that the transition probability dependence on En � En̄ completely dropped
out when expanding eq. 15 to eq. 23. However, this was only because En � En̄ was very large
compared to � (i.e., 1

2(En � En̄) � �) and very small compared to the inverse of the time it
takes neutrons to reach their annihilation target (i.e., 1

2(En � En̄) ⌧ 1/tavg). If either of those
two conditions had not held, one would have to retain its non-trivial dependence.
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Let us now do an approximate calculation for the required value of ⌧nn̄ to obtain one n̄ on
target for arbitrary flux F and running time Trun. This requires solving for ⌧nn̄ in the equation
P [n̄(tavg)]FTrun ' 1. The result is

⌧nn̄ ' (2⇥ 108 s)

✓
F

1.25⇥ 1011 neutrons/s

◆1/2✓Trun

1 yr

◆1/2

. (24)

Thus, for some flux F and run-time Trun the sensitivity to ⌧nn̄ is approximately given by
the above equation. Keep in mind that the ILL values for tavg and magnetic field were used
to obtain the coe�cient 2 ⇥ 108 s, which approximately the sensitivity that ILL obtained:
⌧nn̄ > 0.86⇥ 108 s at 90% C.L. [3].

4 Oscillations of freely propagating neutrons

In our derivation above of the sensitivity to neutron-antineutron oscillations, we introduced
the “oscillation time” ⌧nn̄, which was defined to be the inverse of the matrix element ⌧nn̄ ⌘

1/�, where hn|He↵ |n̄i = �. A confusion might be that upon inspecting eq. 15 one notes
that � plays no role in the oscillation but rather only in the amplitude of the probability.
The oscillation is completely controlled by En � En̄ which is set by the magnetic field of
the experimental environment. So why does one call ⌧nn̄ the “oscillation time” for neutron-
antineutron oscillations?

The answer lies in the analysis of propagating free neutrons. In that case there are no
environmental contributions to the energy and thus En = En̄ = 0. This requires a new
computation of the eigenvalues and eigenvectors of the Hamiltonian, which is now

hH
free
e↵ i =

✓
mn � i�2 �

� mn � i�2

◆
(25)

The solution to this is maximal mixing, and yields

✓
|n1i

|n2i

◆
=

 
1p
2

1p
2

1p
2

�
1p
2

!✓
|ni
|n̄i

◆
, with eigenvalues E1,2 = mn � i

�

2
± � (26)

Carrying out the steps as we did before, one finds that the quantum state | i(t) that starts
out as a neutron at t = 0 is

| i(t) =

✓
e�iE1t + e�iE2t

2

◆
|ni+

✓
e�iE1t � e�iE2t

2

◆
|n̄i (27)

Computing the probability of this state being n̄ at time t yields

P [n̄(t)] = |hn̄| i(t)|2 = e��t sin2

✓
(E1 � E2)

2
t

◆
= e��t sin2(�t). (28)
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where we have made the traditional identification of ⌧nn̄ ⌘ 1/�. Note, we have also ignored the
e��tavg factor in eq. 15 since tavg is much smaller than the neutron lifetime (i.e., tavg ⌧ 1/�)
which translates to e��tavg ' 1. If ⌧nn̄ were about 108 s, the above equation tells us that we
need approximately 1018 neutrons produced for one of them to turn into an antineutron when
it reaches the annihilation target.
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where (oscillation time) ~ Current limit! 12



Let’s explore connection of n-nbar oscillations with baryogenesis

Assume: simple minimal EFT with minimal new particle content that 
achieves baryogenesis through B violating decays.

These new particles can simultaneously allow n-nbar oscillations à
correlated

One direction (“Majorana fermion baryogenesis”) 

Other directions: EW baryogenesis, Affleck–Dine baryogenesis, 

leptogenesis, … 

13



minimal EFT extension of the SM that realizes direct low scale baryogenesis from B violating
decays of new particles mediating n-n̄ oscillation. While there exist numerous baryogenesis
frameworks, such as electroweak baryogenesis, A✏eck-Dine baryogenesis, and leptogenesis,
the choice of our minimal EFT is motivated from the bottom-up by imminent improvements
in n-n̄ oscillation searches. Despite being simplistic, this minimal setup provides a useful
template to identify viable baryogenesis scenarios, which may be realized in a similar manner
in more complex and realistic theories, that are compatible with an n-n̄ oscillation signal
within experimental reach. For a discussion of specific models that connect to the simple
EFT presented here, and also many other models that generate n-n̄ oscillations please see
Mohapatra’s opening talk, and the many excellent talks after that which motivate and present
specific BSM ideas that generate n-n̄ oscillations.
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We should make a few more comments on the connection between ⌧nn̄ and the new physics scale
in the EFT context. The lowest dimension e↵ective operators contributing to n-n̄ oscillation
at tree level are dimension-nine operators of the form Onn̄ ⇠ (uudddd). The classification
of these operators dates back to the 1980s, including from one of our earlier speaker Robert
Shrock, and was refined recently by Bucho↵ and Wagner, which established an alternative
basis more convenient for renormalization group (RG) running. In the discussion here, we
focus on one of these operators for illustration,
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Here u, d are SM up and down quark fields, respectively, and uc, dc are their charge conjugates.
i(0), j(0), k(0) are color indices. The operator suppression scale ⇤(1)

nn̄ is generally a weighted
(geometric) average of new particle masses, modulo appropriate powers of couplings and loop
factors.
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If the operator is generated by integrating out new particles at a high scale M , computing ⌧nn̄
requires RG evolving the EFT down to a low scale µ0 (usually chosen to be 2GeV), where it
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Lowest dimensional operator contributing to n-nbar oscillations is dimension 9

We will focus on just one of these operators for illustration, and because it matches 
the low-scale EFT of the minimal scenario for baryogenesis.

14
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We performed state-of-the-art RG evolution of the operator coefficient
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One of the simplest possibilities for generating the operator in Eq. (??) at tree level is with a
Majorana fermion X of mass M that couples to the SM via a dimension-six operator of the
form 1

⇤2Xudd, which originates at an even higher scale ⇤ � M via some UV completion that
we remain agnostic about. A familiar scenario that realizes this EFT setup is supersymmetry
(SUSY) with R-parity violation (RPV), where the bino plays the role of X and the dimension-
six operator is obtained by integrating out squarks at a heavier scale. However, this simple
EFT with a single BSM state does not allow for su�cient baryogenesis due to unitarity
relations: in the absence of B-conserving decay channels, X decay cannot generate a baryon
asymmetry at leading order in the B-violating coupling, a result known as the Nanopoulos-
Weinberg theorem [63] (see [64] for a recent discussion); meanwhile, 2 ! 2 processes uX ! d̄d̄
and ūX ! dd are forced to have the same rate and thus do not violate CP .

17

A minimal extension that can accommodate both n � n̄ oscillation and the observed baryon
asymmetry involves two Majorana fermions X1, X2 (with MX1 < MX2), each having a B vio-
lating interaction 1

⇤2Xudd. In addition, a B conserving coupling between the two is necessary
to evade constraints from unitarity relations. In the context of RPV SUSY, this corresponds to
the presence of a wino or gluino in addition to the bino, which is known to allow for su�cient
baryogenesis [65, 64, 66].

18

Guided by minimality, we assume X1,2 are both SM singlets, and consider just one of the
many possible B conserving operators in addition to the two B violating ones. Our minimal
EFT thus consists of the following dimension-six operators that couple X1,2 to the SM:1
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c
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X1

, |⌘X2 | ⌘ ⇤�2
X2

, |⌘c| ⌘ ⇤�2
c . (1)

Both X1 and X2 mediate n-n̄ oscillation — integrating them out at tree level gives

c1 =
1
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⇤(1)

nn̄

�5 =
1

MX1⇤
4
X1

+
1

MX2⇤
4
X2

. (2)

1Our minimal EFT bears similarities with the models studied in [67, 68]. However, these papers focused on
baryogenesis using operators of the form (d̄cPRd)(ūcPRX), which, upon Fierz transformations, are equivalent
to generation-antisymmetric components of the (ūcPRd)(d̄cPRX) operators in Eq. (1), and thus do not mediate
n-n̄ oscillation at tree level.
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Majorana fermion and B violating operators – but no baryogenesis

Simple way to get n-nbar operator is introduce Majorana fermion X of mass M, 
coupling to SM by

O6 ~

Problems creating baryogenesis:

• Nanopoulos-Weinberg theorem: without B-conserving channels no baryon 
asymmetry

• 2à2 process such as                       and                       have same rate and do not 
violate CP
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FIG. 2. Inducing pp → π+π+ annihilation via operators (37)

we deal with 14 operators for ∆B = −2 transitions and
14 Hermitian conjugated ones for ∆B = +2.
The Pz reflection interchanges L and R chirality χi

in the operators Oi
χ1χ2χ3

. Note, that the Pz reflection
for u and d quarks is defined similar to the neutron by
Eq. (13). This is consistent with the udd wave function
of neutron. Thus, we can divide operators into Pz even
and Pz odd ones,

Oi
χ1χ2χ3

± L↔ R . (42)

The charge conjugation C transforms operators
Oi

χ1χ2χ3
into the Hermitian conjugated [Oi

χ1χ2χ3
]†.

Again, our phase definitions for quarks are consistent
with those for neutron. So, combinations

Oi
χ1χ2χ3

±H.c. (43)

representC even andC odd operators. In total, we break
all 28 operators into four groups with different Pz, C and
CPz features, each group contains seven operators,
[
Oi

χ1χ2χ3
+L↔ R

]
+H.c., Pz= + , C = + , CPz = + ;

[
Oi

χ1χ2χ3
+L↔ R

]
−H.c., Pz= + , C = − , CPz = − ;

[
Oi

χ1χ2χ3
−L↔ R

]
+H.c., Pz= −, C = + , CPz = − ;

[
Oi

χ1χ2χ3
−L↔ R

]
−H.c., Pz= −, C = − , CPz = + .

(44)

Only the first seven operators, which are both Pz and C

even, contribute to nn̄ oscillations. It is, of course, up to
small corrections due to electroweak interactions where
the discrete symmetries are broken.
What about the remaining 21 combinations which are

odd either under Pz or C transformations? Although
they do not contribute to the n− n̄ transition, their effect
show up in instability of nuclei. This source of instability
in this case is not due to neutron-antineutron oscillations
but due to processes of annihilation of two nucleons inside
nucleus like N + N → π + π, and, in particular, two
proton annihilation, p p → π+π+, shown on Fig. 2. This
could be particularly interesting in case of suppressed nn̄
oscillations.
The operators of the type of (37) involving strange

quark, like udsuds, could induce Λ− Λ̄ mixing. However,
such operators would also lead to nuclear instability via
nucleon annihilation into kaons N + N → K + K, see
the diagram in Fig. 2 where in upper lines d quark is
substituted by s quark (and π+ by K+). In fact, nuclear
instability bounds on Λ − Λ̄ mixing are only mildly,
within an order of magnitude, weaker than with respect
to n− n̄ mixing which makes hopeless the possibility to
detect Λ− Λ̄ oscillation in the hyperon beam. (Instead,
it can be of interest to search for the nuclear decays
into kaons in the large volume detectors.) The nuclear
instability limits on Λ− Λ̄ mixing are about 15 orders of
magnitude stronger than the sensitivity δΛΛ̄ ∼ 10−6 eV
which can be achieved in the laboratory conditions
[17]. The nuclear stability limits make hopeless also the
laboratory search of bus-like baryon oscillation due to
operator usbusb suggested in Ref. [18].

7. Our above consideration refers to the neutron-anti-
neutron oscillation in vacuum. Now we show that even in
the presence of magnetic field no new |∆B| = 2 operator
appears. A similar consideration was done in Ref. [19] in
application to a possible magnetic moment of neutrino.
In the Weyl formalism the field strengths tensor Fµν

is substituted by the symmetric tensor Fαβ and its com-

plex conjugate Fα̇β̇ . They correspond to E⃗ ± iB⃗ com-
binations of electric and magnetic fields. Then Lorentz

X



16

One of the simplest possibilities for generating the operator in Eq. (??) at tree level is with a
Majorana fermion X of mass M that couples to the SM via a dimension-six operator of the
form 1

⇤2Xudd, which originates at an even higher scale ⇤ � M via some UV completion that
we remain agnostic about. A familiar scenario that realizes this EFT setup is supersymmetry
(SUSY) with R-parity violation (RPV), where the bino plays the role of X and the dimension-
six operator is obtained by integrating out squarks at a heavier scale. However, this simple
EFT with a single BSM state does not allow for su�cient baryogenesis due to unitarity
relations: in the absence of B-conserving decay channels, X decay cannot generate a baryon
asymmetry at leading order in the B-violating coupling, a result known as the Nanopoulos-
Weinberg theorem [63] (see [64] for a recent discussion); meanwhile, 2 ! 2 processes uX ! d̄d̄
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Introduce a second Majorana and it can work – “minimal model”
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laboratory search of bus-like baryon oscillation due to
operator usbusb suggested in Ref. [18].

7. Our above consideration refers to the neutron-anti-
neutron oscillation in vacuum. Now we show that even in
the presence of magnetic field no new |∆B| = 2 operator
appears. A similar consideration was done in Ref. [19] in
application to a possible magnetic moment of neutrino.
In the Weyl formalism the field strengths tensor Fµν

is substituted by the symmetric tensor Fαβ and its com-

plex conjugate Fα̇β̇ . They correspond to E⃗ ± iB⃗ com-
binations of electric and magnetic fields. Then Lorentz
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Both X1 and X2 mediate n-n̄ oscillation — integrating
them out at tree level gives

c1 =
1

�
⇤(1)
nn̄

�5 =
1

MX1⇤
4
X1

+
1

MX2⇤
4
X2

. (4)

This setup contains all the necessary ingredients for
baryogenesis [69]: the Lagrangian in Eq. (3) violates B

and P , while nonzero phases of ⌘X1 , ⌘X2 , and ⌘c can lead
to CP violation; departure from equilibrium can occur
in multiple ways, as we discuss below. Although a clear
simplification, we expect the minimal set of operators in
Eq. (3) to capture the generic qualitative features possi-
ble in a two n-n̄ mediators setup, which can be realized
in more complicated and realistic frameworks.

Calculation of the baryon asymmetry — The relevant
processes for baryogenesis include

• B violating processes: single annihilation uX1,2 !
d̄d̄, dX1,2 ! ūd̄, decay X1,2 ! udd, and o↵-
resonance scattering udd ! ūd̄d̄;

• B conserving processes: scattering uX1 ! uX2, co-
annihilation X1X2 ! ūu, and decay X2 ! X1ūu;

as well as their inverse and CP conjugate processes. CP

violation arises from interference between tree and one-
loop diagrams in uX1,2 $ d̄d̄, uX1 $ uX2 and X2 $
uud, and additionally from udd $ ūd̄d̄ (in a way that
is related to X2 $ uud by unitarity). In each case, CP

violation is proportional to Im(⌘⇤X1
⌘X2⌘c) ⇠ ⇤�6. We

work at leading order in the EFT expansion, i.e. O(⇤�4)
for the rates of CP -conserving processes and the CP -
symmetric components of CP -violating processes, and
O(⇤�6) for the CP -violating rates. We choose a mass
ratio MX2/MX1 = 4, which maximizes �(X2 ! udd) �
�(X2 ! ūd̄d̄) for fixed MX2 (see Eq. (A.33)).

We calculate the baryon asymmetry by numerically
solving a set of coupled Boltzmann equations to track
the abundances of X1,2 and B � L (B) above (below)
T = 140GeV (we assume sphalerons are active when
T > 140GeV, resulting in YB = 28

79 YB�L). Our aim is
to find regions of parameter space that can achieve the
observed YB = 8.6⇥ 10�11 [70, 71], with suitable choice
of CP phases. Technical details of this calculation can
be found in the Appendix.

If all three operator coe�cients have similar sizes,
⇤X1 ⇠ ⇤X2 ⇠ ⇤c, it is di�cult to obtain the observed
baryon asymmetry in the region of parameter space
probed by n-n̄ oscillation. For MX1,2

>⇠ 104 GeV, the
⇤’s that can be probed are su�ciently low for X1,2 to re-
main close to equilibrium until their abundances become
negligible, while e�cient washout suppresses B(�L) gen-
eration. For lower masses and higher ⇤’s, on the other
hand, X2 may freeze out with a significant abundance,
and decay out of equilibrium at later times when washout
has become ine�cient, so that both limitations from the

FIG. 1. Sketches of the evolution of the heavier n-n̄ mediator
abundance YX2 , washout rate �wo and baryon asymmetry YB

in the two scenarios considered in this letter (arbitrary nor-
malization). In the late decay scenario, the n-n̄ mediator is
long-lived and decays out of equilibrium to generate a baryon
asymmetry. In the early decay scenario, departure from equi-
librium (thin dotted curve) is small, but suppressed washout
enables e�cient baryogenesis. See text for details.

higher mass regime are overcome. However, its CP vio-
lating branching fraction ✏CP ⇠ M

2
X2

/⇤2 is too small to
generate the desired YB . We find that for ⇤X1 = ⇤X2 =
⇤c, the maximum YB possible in the ESS/DUNE sensi-
tivity region is O(10�13), well below the observed value.

Achieving the desired baryon asymmetry in the
ESS/DUNE reach region therefore requires hierarchical
⇤’s; such scenarios can arise if new particles in the UV
theory that mediate the corresponding operators have hi-
erarchical masses and/or couplings, or if the EFT opera-
tors are generated at di↵erent loop orders. We find com-
patible regions of parameter space in two distinct scenar-
ios, one with late decays of X2 and the other with earlier
decays. These are schematically illustrated in Fig. 1, and
discussed in turn below (a detailed analysis with bench-
mark numerical solutions is presented in the Appendix).

Late decay scenario — For ⇤X2 ⇠ ⇤c � ⇤X1 , n-
n̄ oscillation is dominated by X1 exchange and probes
the MX1 -⇤X1 parameter space (see Fig. 2). This hierar-
chy leads to weaker interactions for X2 compared to the
degenerate case, causing it to freeze out with a higher
abundance Y fo

X2
. Also, X2 becomes long-lived and decays

after washout processes have become ine↵ective, thereby
creating substantial baryon asymmetry (see Fig. 1). In
this case, its CP -violating branching fraction scales as
✏CP ⇠ M

2
X2

⌘X1⌘X2⌘c/max(⌘2X2
, ⌘

2
c ) ⇠ M

2
X2

/⇤2
X1

and
does not decouple as ⇤X2 and ⇤c are both increased,
enabling YB ⇠ Y

fo
X2

✏CP to reach the observed value.

Numerically, we find that this baryogenesis scenario is
viable with ⇤X2 , ⇤c

>⇠ 20⇤X1 in the parameter space
probed by n-n̄ oscillation. In Fig. 2, we show regions in
the MX1 -⇤X1 plane that can accommodate the observed

Baryogenesis capability
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Calculating baryon asymmetry

We solve set of coupled Boltzmann equations for abundances of X1,2 and YB-L

above T=140 GeV (sphalerons active above 140 GeV) and and YB below T=140 GeV. 

Find regions of parameter space where YB=8.6 x 10-11

We scan over all the parameters to achieve the proper baryon asymmetry.

Highest priority is getting baryon asymmetry correct – check n-nbar after. 
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Equal interaction scales gives baryogenesis but not n-nbar signal

LX1 ~ LX2 ~ Lc is “equal interaction scale” case

For MX1~MX2 > 104 GeV, L needs to be high to kick system out of efficient 
interactions that would otherwise suppress X1,2 abundances too much.

àL too high for n-nbar signal

For MX1~MX2 < 104 GeV, L still needs to be somewhat high for out-of-

equilibrium but then eCP ~ M2
X2/L2 is too low for baryogenesis.

à Cannot work well for baryogenesis when we force down MXi in this scenario.

Conclusion: LX1 ~ LX2 ~ L case maximum possible YB that also has n-nbar

visible at ESS is O(10-13), which is two orders of magnitude too low.
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Therefore:

Hierarchy of L’s needed for good baryogenesis and visible n-nbar oscillation

• Scenario possible for hierarchy in UV theory

• Or EFT generated at different loop orders

Baryogenesis and n-nbar visibility is compatible in two distinct scenarios:
Late decays of X2 and earlier decays. 
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Both X1 and X2 mediate n-n̄ oscillation — integrating
them out at tree level gives

c1 =
1

�
⇤(1)
nn̄

�5 =
1

MX1⇤
4
X1

+
1

MX2⇤
4
X2

. (4)

This setup contains all the necessary ingredients for
baryogenesis [69]: the Lagrangian in Eq. (3) violates B

and P , while nonzero phases of ⌘X1 , ⌘X2 , and ⌘c can lead
to CP violation; departure from equilibrium can occur
in multiple ways, as we discuss below. Although a clear
simplification, we expect the minimal set of operators in
Eq. (3) to capture the generic qualitative features possi-
ble in a two n-n̄ mediators setup, which can be realized
in more complicated and realistic frameworks.

Calculation of the baryon asymmetry — The relevant
processes for baryogenesis include

• B violating processes: single annihilation uX1,2 !
d̄d̄, dX1,2 ! ūd̄, decay X1,2 ! udd, and o↵-
resonance scattering udd ! ūd̄d̄;

• B conserving processes: scattering uX1 ! uX2, co-
annihilation X1X2 ! ūu, and decay X2 ! X1ūu;

as well as their inverse and CP conjugate processes. CP

violation arises from interference between tree and one-
loop diagrams in uX1,2 $ d̄d̄, uX1 $ uX2 and X2 $
uud, and additionally from udd $ ūd̄d̄ (in a way that
is related to X2 $ uud by unitarity). In each case, CP

violation is proportional to Im(⌘⇤X1
⌘X2⌘c) ⇠ ⇤�6. We

work at leading order in the EFT expansion, i.e. O(⇤�4)
for the rates of CP -conserving processes and the CP -
symmetric components of CP -violating processes, and
O(⇤�6) for the CP -violating rates. We choose a mass
ratio MX2/MX1 = 4, which maximizes �(X2 ! udd) �
�(X2 ! ūd̄d̄) for fixed MX2 (see Eq. (A.33)).

We calculate the baryon asymmetry by numerically
solving a set of coupled Boltzmann equations to track
the abundances of X1,2 and B � L (B) above (below)
T = 140GeV (we assume sphalerons are active when
T > 140GeV, resulting in YB = 28

79 YB�L). Our aim is
to find regions of parameter space that can achieve the
observed YB = 8.6⇥ 10�11 [70, 71], with suitable choice
of CP phases. Technical details of this calculation can
be found in the Appendix.

If all three operator coe�cients have similar sizes,
⇤X1 ⇠ ⇤X2 ⇠ ⇤c, it is di�cult to obtain the observed
baryon asymmetry in the region of parameter space
probed by n-n̄ oscillation. For MX1,2

>⇠ 104 GeV, the
⇤’s that can be probed are su�ciently low for X1,2 to re-
main close to equilibrium until their abundances become
negligible, while e�cient washout suppresses B(�L) gen-
eration. For lower masses and higher ⇤’s, on the other
hand, X2 may freeze out with a significant abundance,
and decay out of equilibrium at later times when washout
has become ine�cient, so that both limitations from the

YX2

Γwo YB

T~MX2 T~MX1 H~ΓX2 (late decay)

Late decay
Early decay

FIG. 1. Sketches of the evolution of the heavier n-n̄ mediator
abundance YX2 , washout rate �wo and baryon asymmetry YB

in the two scenarios considered in this letter (arbitrary nor-
malization). In the late decay scenario, the n-n̄ mediator is
long-lived and decays out of equilibrium to generate a baryon
asymmetry. In the early decay scenario, departure from equi-
librium (thin dotted curve) is small, but suppressed washout
enables e�cient baryogenesis. See text for details.

higher mass regime are overcome. However, its CP vio-
lating branching fraction ✏CP ⇠ M

2
X2

/⇤2 is too small to
generate the desired YB . We find that for ⇤X1 = ⇤X2 =
⇤c, the maximum YB possible in the ESS/DUNE sensi-
tivity region is O(10�13), well below the observed value.

Achieving the desired baryon asymmetry in the
ESS/DUNE reach region therefore requires hierarchical
⇤’s; such scenarios can arise if new particles in the UV
theory that mediate the corresponding operators have hi-
erarchical masses and/or couplings, or if the EFT opera-
tors are generated at di↵erent loop orders. We find com-
patible regions of parameter space in two distinct scenar-
ios, one with late decays of X2 and the other with earlier
decays. These are schematically illustrated in Fig. 1, and
discussed in turn below (a detailed analysis with bench-
mark numerical solutions is presented in the Appendix).

Late decay scenario — For ⇤X2 ⇠ ⇤c � ⇤X1 , n-
n̄ oscillation is dominated by X1 exchange and probes
the MX1 -⇤X1 parameter space (see Fig. 2). This hierar-
chy leads to weaker interactions for X2 compared to the
degenerate case, causing it to freeze out with a higher
abundance Y fo

X2
. Also, X2 becomes long-lived and decays

after washout processes have become ine↵ective, thereby
creating substantial baryon asymmetry (see Fig. 1). In
this case, its CP -violating branching fraction scales as
✏CP ⇠ M

2
X2

⌘X1⌘X2⌘c/max(⌘2X2
, ⌘

2
c ) ⇠ M

2
X2

/⇤2
X1

and
does not decouple as ⇤X2 and ⇤c are both increased,
enabling YB ⇠ Y

fo
X2

✏CP to reach the observed value.

Numerically, we find that this baryogenesis scenario is
viable with ⇤X2 , ⇤c

>⇠ 20⇤X1 in the parameter space
probed by n-n̄ oscillation. In Fig. 2, we show regions in
the MX1 -⇤X1 plane that can accommodate the observed

Schematic of Late decay and early decay scenarios for baryon asymmetry



4

FIG. 2. Parameter space of the minimal EFT probed by
n-n̄ oscillation for the late decay scenario, assuming MX2 =
4MX1 . For ⇤X2 = ⇤c = 50⇤X1 , the green shaded region can
accommodate YB = 8.6 ⇥ 10�11. For ⇤X2 = ⇤c = 25⇤X1

(100⇤X1), viable region is between dashed red (dot-dashed
blue) lines. The gray shaded region marks ⇤X1 < MX2 , where
EFT validity requires greater than O(1) coupling.

baryon asymmetry for various choices of ⇤X2/⇤X1 =
⇤c/⇤X1 . In each case, the lower boundary of the viable
region is e↵ectively determined by the requirement that
X2 freezes out with su�cient abundance. As we move up-
ward from this lower boundary, increasing all three ⇤’s
while keeping their ratios fixed, at some point we enter a
regime where X2 decouples from the SM bath while rel-
ativistic, and Y

fo
X2

saturates at Y eq
X2

(T � MX2) =
1
⇡2

T 3

s ,
so that further increasing the ⇤’s only reduces ✏CP and
hence the final YB . Furthermore, for su�ciently high
⇤X2 and ⇤c, X2 dominates the energy density of the uni-
verse before it decays (this does not happen for X1 in the
parameter space we consider), so that its decay injects
significant entropy into the plasma, diluting the baryon
asymmetry. Both of these e↵ects – saturation and dilu-
tion – determine the upper boundary of the viable region.

Early decay scenario — For the opposite hierarchy
⇤X1 � ⇤X2 , n-n̄ oscillation is dominated byX2 exchange
and probes the MX2 -⇤X2 parameter space (see Fig. 3).
In this case, X2 is short-lived, and its abundance closely
follows the equilibrium curve. However, small departures
from equilibrium, always present in an expanding uni-
verse because interaction rates are finite, can be su�cient
for baryogenesis if washout can be suppressed. The rates
for washout processes involving X1 and X2 are propor-
tional to n1⇤

�4
X1

and n2⇤
�4
X2

, respectively, where n1,2 are
the number densities of X1,2. If ⇤X1 ⇠ ⇤X2 , washout

FIG. 3. Parameter space of the minimal EFT probed by
n-n̄ oscillation for the early decay scenario, assuming MX2 =
4MX1 . Points represent solutions with YB = 8.6 ⇥ 10�11

found in a scan over ⇤X2 < ⇤X1 < 100⇤X2 , MX2 < ⇤c <
⇤X2 . For all these points, ⇤X1 ⇠ 10⇤X2 is needed to suppress
washout. The gray shaded region marks ⇤X2 < MX2 , where
EFT validity requires greater than O(1) coupling.

would be e�cient until T ⇠ MX1 , i.e. until n1 starts
to fall exponentially. In contrast, by increasing ⇤X1 , we
enter a regime where washout is dominated by X2 pro-
cesses at high temperatures and becomes ine�cient as
soon as the temperature falls below MX2 (washout due
to udd $ ūd̄d̄, whose rate ⇠ T

11
/M

2⇤8 falls steeply with
T , is also irrelevant at this point), resulting in a short
period of baryon asymmetry generation from X2 decays
(see Fig. 1). Note that increasing ⇤X1 with respect to
⇤X2 also helps to increase departures from equilibrium
compared to the degenerate case.

Fig. 3 shows points in the MX2 -⇤X2 plane that can
realize the observed YB through this early decay pro-
cess, based on a numerical scan over the region ⇤X2 <

⇤X1 < 100⇤X2 , MX2 < ⇤c < ⇤X2 . For the ma-
jority of these points, ⇤X1 is within a factor of two
from 10⇤X2 , while ⇤c

<⇠ 3MX2 . The results can
be understood from the competing e↵ects of baryon
asymmetry generation and washout, ��B 6=0/�wo ⇠
M

2
n2(⇤2

X1
⇤2
X2

⇤2
c)

�1
/(n1⇤

�4
X1

+ n2⇤
�4
X2

) ⇠ (M2
/⇤2

c) ·
min

�
⇤2
X2

/⇤2
X1

, ⇤2
X1

/⇤2
X2

e
�(MX2�MX1 )/T

 
, where the

rate of baryon asymmetry generation ��B 6=0 is calcu-
lated from CP -violating X2 decays. First of all, a lower
ratio ⇤c/MX2 is always preferable (within the range of
EFT validity), while the ratio ⇤X2/⇤X1 has an opti-
mal value of ⇠ 1/10 as a result of balancing between
faster baryon asymmetry generation at higher tempera-
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Possibility there for discovery of n-nbar
oscillations directly correlated with baryogenesis. 
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Conclusion

Baryon number conservation is a soft principle that we should expect to be violated.

Baryon violation is needed for baryogenesis – many ideas to implement that.

A minimal, two-state Majorana solution can provide needed baryogenesis

This theory also predicts n-nbar oscillation lifetime

1)  t <  current limit   (ruled out parameter space)

2)  t >  future projected limits   (never will be seen this way – sad)

3)  Current limit  <  t <  future projected limits   (discovery! – how likely?)


